We present a theoretical study of the constant current scanning tunneling spectroscopy of quantum well states localized in Pb(111) overlayers on Cu(111) surfaces. The distance-voltage characteristic of the tunneling junction is obtained with a mixed approach. The wave packet propagation technique is applied to describe electron tunneling from the tip into the sample, and the density functional calculations provide the necessary inputs for the one-dimensional model potential representation of the system. The excited-state population decay mechanisms via inelastic electron-electron and electron-phonon interactions are taken into account with a bias-dependent absorbing potential introduced in the metal. Our results are in good agreement with recent experimental studies [Phys. Rev. Lett. 102, 196102 (2009), Phys. Rev. B 81, 205438 (2010)] over the energy range where the free-electron description of the Pb overlayer used here applies. We find that at high bias the quantum well states experience a Stark energy shift and partially acquire a character of field emission resonances. The present model study also sheds light at the experimentally observed departure of the energies of the quantum well states from the particle-in-a-box prediction for the bias above 4 eV. The measured trend can be consistently explained as due to the departure of the realistic Pb band structure in the -L direction from free-electron parabola when the electron momentum approaches the point.
I. INTRODUCTION
Electron confinement at metal surfaces is a fascinating research subject, as it addresses the fundamental issues developed in quantum mechanical textbooks and, at the same time, it holds a promise of engineering the surfaces with sought electronic and magnetic properties, which is of evident practical interest. 1 Nowadays, structures allowing confinement in three dimensions (3D) (quantum corrals, [2] [3] [4] adatom and vacancy islands, [5] [6] [7] [8] [9] and self-organized molecular structures 10 ) and two dimensions (2D) (atomic chains, [11] [12] [13] and ad-molecule stripes 14 ) have been designed and studied. Many of the above systems are accessible only owing to the scanning tunneling microscopy (STM). At variance, the quantum well states (QWSs) formed by one-dimensional (1D) electron confinement in thin metal overlayers can be studied with photoemission and inverse photoemission so that they are a subject of intense research activity already for decades. [15] [16] [17] [18] [19] QWSs have been observed experimentally in a variety of layered metallic films on different substrates where potential barriers at the film/vacuum and film/substrate interfaces restrict the electron motion. The latter assumes that the reflectivity of the film/substrate interface is high. This is the case when, e.g., the substrate possesses a projected band gap in the direction perpendicular to the surface like the L gap for the (111) surfaces of noble metals. The bulk electronic structure of the film material evolves then into a set of subbands characterized by the quantized electron motion perpendicular to the film, and bulklike dispersion in the film plane. [20] [21] [22] [23] The QWSs can thus be readily understood in terms of the discrete level structure of a 1D potential well. In particular, the phase accumulation model [24] [25] [26] appears extremely efficient in describing the energies of the QWSs at¯ point. [15] [16] [17] When the one-electron tunneling into the substrate is possible along the direction perpendicular to the film, the QWSs turn into the quasistationary states or quantum well resonances (QWRs). 27 The quasiclassical description in this case can be performed with a Fabry-Perot-type approach. 15, 28, 29 Since the size D of the confining box can only be changed by the discrete amount given by the interlayer distance a in the metal film, the energies of the QWSs at¯ point show an oscillatory pattern with film thickness. [15] [16] [17] This results in a quantum size effect, i.e., oscillations in the film-thickness dependence of the work function, 30 chemical reactivity, 31 electron-phonon coupling, [32] [33] [34] surface energy, 35, 36 etc. Among different metals, Pb(111) overlayers (or extended nanoislands) grown on metallic and semiconductor substrates appear to be one of the most studied systems. Here, the Fermi wavelength in the 111 direction is of the order of 4a/3 (a = 5.41 a 0 ). Then many of the overlayer properties show the quantum size effect with a two monolayer (ML) period. [30] [31] [32] [35] [36] [37] Along with crystal and electronic structure studies, a number of recent experimental works focused on the characterization of the excited electron dynamics in Pb quantum wells. The timeresolved two-photon photoemission (TR-2PPE) technique has been used for supported Pb films 23, 38, 39 as well as the scanningtunneling spectroscopy (STS) has been performed on large well characterized Pb adislands. 22, 40, 41 From the theoretical side, only few works explicitly account for the substrate. 35 The simpler and more often used strategy consists in discussing the overlayer properties based on the ab initio calculations performed for Pb slabs. 34, 42, 43 A similar approach, avoiding complete ab initio account of the substrate has been adopted for the studies of excited electron dynamics in Pb/Si(111) QWSs. The calculation of the electron-electron many-body decay rate has been restricted to bulk Pb, 39, 41, 44 and the electron-phonon (e-ph) decay rate has been adopted from the studies of free-standing Pb slabs. 41 In general, the inclusion of the substrate makes the ab initio computations extremely demanding. Thus it is desirable to explore the model approaches. With a price of loosing an exact atomistic description, these allow one to explicitly account for the overlayer-substrate system.
Thin Pb(111) overlayers grown on metallic surfaces, such as Cu(111) and Ag(111), are well-suited systems for their description by simple models. Indeed, close to the Fermi level the Pb band dispersion in the direction perpendicular to the overlayer surface has free-electron character. Moreover, the projected L gap of the Cu(111) and Ag(111) substrates is well described within the nearly-free-electron model 45 (we show the relevant electronic structure in Fig. 1 ). The 1D pseudopotentials for the whole overlayer-substrate system have thus been set and used successfully to calculate structural and dynamic properties of QWSs in Pb/Cu(111) at different coverages. A number of topics have been addressed, such as the electron confinement in the overlayers due to the projected band gap in -L direction, the magic height distributions at different coverages, and the lifetimes of QWSs and quantum well resonances (QWRs). 37, [48] [49] [50] The present study extends our recent work 50 on the energies and lifetimes of the QWSs and QWRs in Pb/Cu(111). We address theoretically recent STM and STS experiments on confined states in large Pb(111) islands deposited on Cu(111) and Ag(111) surfaces. 21, 22 These STS studies were performed at constant current regime, so that high-energy QWSs could be sampled as compared to previous works. When the lateral extension of the Pb island is large enough, the quantization in the plane parallel to the surface resulting from the reflection by the island boundaries can be neglected because of the lifetime broadening. It is the quantization of the electron motion perpendicular to the surface that determines the discrete energy spectrum, so that the system is representative for the QWSs of the complete overlayer. The STM/STS studies have the advantage of dealing with wellcharacterized systems, where the information is not averaged over possible structural variations. This is why it has become a valuable complementary tool to photoemission and inverse photoemission techniques allowing to gain information on the band structure, 52 quasiparticle lifetimes, 18,53-55 phase-shifts for impurity or defect scattering, 56 etc. On the other hand, and in particular for high bias, the electric field in the STM junction can a priori modify the energies of the electronic states at surfaces, so that the technique is not noninvasive. A classical example of this effect is the evolution of the image potential states (ISs) of the pristine metal surface 24, 57, 58 into the field emission resonances (FERs) of the STM junction. [59] [60] [61] [62] [63] [64] [65] [66] The point raised above is one of the central issues of the present study: to what extent the QWSs are modified by the applied bias in the STM junction? Once this question is answered, we could address the role of the realistic Pb band structure in the experimentally observed trends. In this respect, present work deepens and extends our recent contribution on the subject. 67 The flat-tip approximation is used here within the 1D model potential description of the STM junction (adlayer+substrate+tip) designed on the basis of the density-functional theory (DFT) calculations performed for Pb/Cu(111). The constant current dZ/dV spectra are calculated with the wave-packet-propagation (WPP) treatment of the electron transmission from the tip into the sample. We have found that for a broad range of overlayer thicknesses, the present model calculations reproduce the experimental data for the QWSs within the energy range where the free-electron description of Pb holds. Based on comparison between experimental data and theoretical calculations performed with and without biased STM tip, it is shown that at high bias, the energies of the QWSs are strongly affected by the tip-induced electric field. With the above findings, the measured departure of the QWSs energies from the particle-in-a-box prediction in the bias range of 4<V <4.5 eV is explained as due to the realistic Pb band structure in -L direction.
The paper is organized as follows. In Sec. II, we discuss the theoretical model used for the representation of the Pb/Cu(111) + STM tip system and the wave-packet-propagation technique used for calculations of the Z-V characteristics. In Sec. III, we present the results and their comparison with available experimental data. Finally, in Sec. IV, we give a summary of the work and conclusions. Atomic units are used throughout the paper unless otherwise stated.
II. METHODS

A. Wave-packet-propagation (WPP) method
The WPP is a one-electron time-domain approach based on the direct solution of the time-dependent Schrödinger equation. Nowadays, it has become a standard tool in quantum chemistry and physics allowing one to treat the response of a system to the time-dependent perturbation as well as to characterize its static properties such as energies and lifetimes of the electronic states and the scattering matrix. 68 Here, we use the implementation of this method, as it has been developed by some of the coauthors to treat the dynamics of the excited states at surfaces. 69 In brief, the dynamics of the "probe" electron in the system comprising a Pb layer adsorbed on the Cu(111) surface and the STM tip is studied. The system is described with a model 1D potential U (z), a function only of the z coordinate perpendicular to the surface. It is derived from the density-functional theory calculations within the local-density approximation (LDA), as explained in the next section. The flat-tip approximation is used here, which is well justified for the high-bias case. 62, 66 Indeed, under high bias, the electrons tunnel into the surface not only from the group of the last atoms at the tip apex, but from the mesoscopic surface of the tip. With the present model description the system is invariant with respect to translations parallel to the surface. The time-dependent wave function is then expressed as follows:
where r = (x,y) and k = (k x ,k y ) are the position and the electron wave vectors in the plane parallel to the surface, respectively. In what follows, we use the z axis perpendicular to the surface of the overlayer with negative z inside the Pb/Cu(111) metallic structure, z = 0 corresponds to the image plane of the overlayer defined in Sec. II B.
The time evolution of ψ(z,t) is given by the time-dependent Schrödinger equation with Hamiltonian:
Within the present model, the energy dispersion of the states with k is given by the free-electron parabola with effective electron mass m * = 1. The motion parallel to the surface can be factorized out, and it is sufficient to address numerically only the¯ case corresponding to k = 0.
V abs and V mb in Eq. (2) are both non-Hermitian complex absorbing potentials, however with very different physical grounds. V abs is introduced at the extremities of the z mesh in order to avoid artificial effects because of the finite size of the computational box. 70 It is thus a technical tool linked with the WPP. V mb is active in the whole Pb/Cu(111) sample and allows to account for the excited electron population decay due to many-body inelastic processes (see below). In this respect, it is similar to the complex absorbing potentials used in the simulations of low-energy electron diffraction. 71 The wave function ψ(z,t) is obtained numerically on the mesh of equidistant points in z. We use the short-time propagation:
72 ψ(z,t + t) = exp(−iĤ t)ψ(z,t), subject to initial conditions ψ(z,t = 0) = ψ 0 (z). The exponential of the Hamiltonian is calculated with split-operator technique, 73 where the Fourier-grid approach 74 is applied for the spatial derivatives entering the kinetic-energy operator.
Provided ψ(z,t), the energies (E n ) and lifetimes (γ n ) of quasistationary QWSs (resonances) of Pb/Cu(111) system are extracted from the Laplace transform S(ω) of the autocorrelation function A(t):
To this end, the initial wave function ψ 0 (z) is typically chosen as a Gaussian wave packet located at the Pb/vacuum interface to ensure the overlap with QWSs characterized by different principal quantum numbers n. Once the energies E n are known, the wave functions of the QWSs can be obtained as:
Comparison between calculations performed with and without biased STM tip sheds light on the role of the electric field in the STM junction. Along with analysis of the electronic states of the system, the WPP allows one to calculate the transmission probability of the STM junction T (E,V ,Z) at as a function of the electron energy E, applied bias V , and tip-surface distance Z. The initial wave function in this case is set as a combination of Gaussian wave packets incident from the tip onto the junction:
where k are the momenta and is the width of the incident wave packets. N (typically two) is the number of wave packets necessary to ensure the required precision within the energy range of interest. The parameters k and are optimized for each bias. We sketch in Fig. 2 the probability density of an initial wave packet together with the system potential Because of the V mb term in Eq. (2), the flux is not conserved inside the Pb/Cu(111) sample. The direct extraction of transmission from the flux analysis is not possible in this region. We use an alternative approach where, from the fluxconservation, T (E,V ,Z) = 1 − R(E,V ,Z). The reflection coefficient R(E,V ,Z) is calculated with the virtual detector method 75 by placing the virtual detector in the asymptotic region inside the tip.
From the transmission probability one calculates the current density (0 K temperature) between the flat tip and the sample: (6) where the lower limit −U 0 + V refers to the valence band bottom of the tip shifted by the applied bias, and E F corresponds to the Fermi level of the unperturbed system. From I (V ,Z) we obtain the current-voltage, conductance-voltage, or distance-voltage characteristics. The constant current distancevoltage characteristic Z(V ) is numerically differentiated to obtain the dZ/dV spectra to be compared with experimental data. We also calculated the constant current dI/dV spectra (not shown). The QWSs of the system appear as peak structures equally well resolved in both dZ/dV spectra and differential conductance dI/dV . Indeed, I = I (V ,Z) and Z = Z(V ,I ), so that the partial derivatives are related by [with (∂I/∂Z) V = 0]:
The similarity between the two spectroscopies is a consequence of the fact that (∂I/∂Z) V is a smooth function of V , merely reflecting the evolution of the tunneling barrier between the tip and the surface.
The illustrative example of the calculated transmission probability T [E,V ,Z(V )] is shown in Fig. 3 for the 15-MLthick Pb overlayer on Cu(111). The results are presented as a function of the applied bias V , and electron energy E measured with respect to the Fermi level. Note that the tip-surface distance Z is bias-dependent because of the constant current mode, where the constant current density has been set as:
The transmission resonances observed in Fig. 3 correspond to the QWSs of the system. We would like to stress that the rigorous definition of these states assumes that the Hamiltonian is fixed, i.e., that the resonance analysis is performed for the constant bias V cut of the 2D figure. For the fixed bias the transmission probability rises in overall with electron energy, reflecting decrease of the tunneling barrier. When bias is increased, the tip moves away from the surface to reestablish the constant current via overall reduction of the transmission probability. This is nicely seen in the figure when comparing data at the same energy, but for increasing bias. The solid line E = V in the figure defines a cut of the T [E,V ,Z(V )] 2D plots corresponding to the spectroscopic constant current mode. Basically, the spectroscopically observed peaks are those of the
B. Model potential
The Pb/Cu(111) system is described with a 1D model potential derived from self-consistent calculations using densityfunctional theory within the local-density approximation (LDA). The potential only depends on the coordinate z perpendicular to the surface. A free-electron motion parallel to the surface is assumed with effective mass m * = 1. This approach allows to account for both electronic structure and dynamical properties of Pb overlayers on Cu(111), as has been shown in previous works. 37, 48, 50 The details on the potential construction can be found elsewhere. 37, 48, 50 We will only outline here the most important features specific for the present STS study.
The Cu(111) substrate is represented with the unscreened model potential proposed by Chulkov et al, 45 in which an atomic plane structure in z direction is accounted for by a periodic function. The parameters of the potential are optimized in such a way that the experimental Cu(111) work function (4.94 eV), as well as the projected band structure at the point (see Fig. 1 ) are reproduced by the DFT-LDA calculation for pristine Cu(111) surface. The Pb overlayer is described by the stabilized jellium model where addition of a constant attractive potential inside the metal allows to retrieve the Pb work function value ( = 4.08 eV) consistent with ab initio calculations 35, 42, 77 and experimental data. 46, 78, 79 The jellium description should hold in the energy range where the p z band of the parent bulk electronic structure along -L can be approximated by a free-electron parabola (see Fig. 1 ). For each Pb overlayer thickness, the semi-infinite Pb/Cu(111) potential is obtained by solving self-consistently the 1D Kohn-Sham equations within LDA.
The effective one-electron potential V eff obtained by the DFT-LDA scheme does not reproduce the long-range image charge interaction V im for an electron being on the vacuum side above a metallic surface.
, where z im is the position of the image plane, taken here as 1.23a 0 in front of the Pb jellium edge. 80 The inclusion of the image potential tail is mandatory for the present study where we are interested in the QWSs with energies close to the vacuum level. Therefore the DFT potential has been corrected above the Pb overlayer as follows:
where V s (z) is the electron-surface interaction used in the calculations and z 0 = z im + 0.5a 0 . The rest of the parameters are fixed by the continuity of V s (z) and its derivative at z 0 . Thus with V s (z) we can study the quantized states of the Pb/Cu(111) system over a broad energy range, extending up to the vacuum level, where the mixing between the QWSs and the image potential states (ISs) becomes important. The STM tip is represented with a 1D (flat-tip approximation) jellium model. The electron-tip interaction V tip (z) is given by Jones-Jennings-Jepsen potential:
where parameters A and B are fixed from continuity conditions at position of the image plane of the tip z tip . 81 The potential inside the tip has been set to U 0 = −15.9 eV (Al) and λ = 0.9 a −1 0 has been used. We checked that results do not change with U 0 = −13.55 eV (as calculated with present DFT for Pb). Indeed, in the tunneling regime, the transmission resonances are determined by the energies and lifetimes of the QWSs of the Pb overlayer on Cu(111). As far as the tip does not present resonant features in the electronic density of states (DOS), the tip properties have little impact on the resonance tunneling profile.
For an electron between two infinite conductor plates (z im < z < z tip ), the potential due to the multiple electrostatic images, and due to the applied bias reads:
where the tip-Pb/Cu(111) surface distance is defined as Z = z tip − z im . Finally, the total effective potential acting on the tunneling electron is given by:
Depending on the problem at hand, the WPP calculations were performed with potential U (z) [see Eq. (2)] given by all or some terms entering Eq. (11) . Thus, in the search of the reference QWSs of the unperturbed Pb/Cu(111) system, U (z) = V s (z) has been used. The evolution of the QWSs under the applied electric field in the junction, E = V /Z, has been studied with
where θ (z) is the Heaviside step function. Finally, the transmission of the junction has been calculated with the full potential: Figure 2 shows the total potential V for a system comprising 5 ML of Pb on Cu(111) and the STM tip placed at distance Z = 11.5 (17.6) a 0 from the image plane position at bias V = 1.0 (3.0) eV.
C. Many-body contribution
The WPP is a one-electron approach so that for the system described with the Hermitian part of the potential U (z), only the elastic population decay of the QWSs via resonant electron tunneling into the Cu(111) bulk is accounted for. The QWSs are stationary within the one-electron picture if their energies E n fall into the projected band gap of Cu(111) at¯ : −5.1 < E < 0.04 eV with respect to the vacuum level (−1.02 < E < 4.12 eV with respect to the Fermi level). Outside this range, the electron tunneling into the substrate is possible and the QWSs become quasistationary (resonances). Their width is given by the one-electron decay rate into the substrate, γ 1e .
The excited-state population decay via inelastic many-body processes can be included in the WPP scheme through the non-Hermitian term(s) in the Hamiltonian. 69 We use a local formulation of the complex many-body potential V mb :
The parameter of the switching function is δ = 0.09 a 0 . γ e−ph stands for the contribution of the electron-phonon scattering to the population decay and γ e−e stands for the contribution of the electron-electron scattering. γ e−ph and γ e−e are fixed on the basis of the earlier calculations of the inelastic broadening of the QWSs in the Pb/Cu(111) system. Indeed, the electronic wave functions ψ n of the QWSs with energies in the projected band gap of the substrate well below the vacuum level are localized inside the Pb overlayer. The perturbation estimate for the many-body decay rates γ mb gives: −iγ mb /2 = ψ n |V mb |ψ n , where from Eq. (13) it follows that γ mb ≈ γ e−ph + γ e−e . Thus the above choice of parameters guarantees that, in the absence of the STM tip, the inelastic broadening γ mb obtained in WPP calculations reproduces the earlier results reported for the QWSs, as we have checked with our calculations. Specifically, for the inelastic electron-phonon decay γ e−ph = 20 meV has been used. This value corresponds to the averaged γ e−ph at 5 K calculated for the QWSs in free-standing Pb slabs. 41 The inelastic electron-electron decay γ e−e requires more involved treatment. In our previous work, 50 we found that for low-lying QWSs close to the Fermi level, the dependence of γ e−e on the energy of the QWS is described with the 3D Fermi-liquid dependence given by the Quinn-Ferrel (QF) formula. 82 Above 1 eV with respect to the Fermi level, γ e−e changes quasilinearly with QWS energy. The absolute values for the decay rates agree with TR-2PPE studies. 23 The trend for the linear dependence of the QWSs linewidths with energy was recently reported in an STS study of Pb/Ag(111). 22 Consistently with above findings, we model the electron-115422-5 electron contribution to the excited-state decay as γ e−e = 2.5019r 5/2
where the screening radius r s = 2.3a 0 (Pb), α = 52 meV eV −1 , and β = −41 meV. We have checked that changing the absorption in Cu substrate does not affect the final results. The main broadening of the QWSs thus comes from the inelastic scattering in Pb overlayer.
The energy dependence of the γ e−e implies that, in principle, for each energy, the transmission T (E,V ,Z) at should be calculated with the corresponding γ e−e . This approach is extremely time consuming and would be out of reach. However, we have checked that using γ e−e at the energy given by the applied bias E = V + E F does change the energy dependence of the transmission but does not affect the calculated distance-voltage dZ/dV characteristic. This is because the dZ/dV spectroscopy is mainly sensitive to the narrow energy interval close to the tip Fermi level where the electrons injected into Pb/Cu(111) have energy E V + E F .
Observe that for an electron injected from the STM tip into the surface along -L, the one-electron reflectivity of the Pb/Cu(111) interface is one within the Cu(111) projected band gap. With the flat-tip approximation, the tunneling flux through the junction in this case is only possible due to the inelastic energy relaxation processes described by V mb .
III. RESULTS AND DISCUSSION
A. Effect of the tip: Stark shift
We start our discussion with the effect of the electric field in the STM junction on the QWSs. In Fig. 4 , we show the calculated energies E n (E) of the QWSs as a function of the applied field in the STM junction E = V /Z. Here, the WPP method with a potential given by Eq. (12) has been used. Results are shown within the energy range of 1 < E < 5 eV with respect to the Fermi level, i.e., the one encompassed in the constant current STS experiments. 21, 22 The principal quantum number n of the states, as indicated in the figure, corresponds to the nodal structure of the wave function. 50 At zero field, the QWSs mix with image potential states (ISs) forming Rydberg-like series converging toward the vacuum level. The mixed-character of these QWS-ISs has been discussed earlier for the Au/Pd(111) system. 83 It can be easily understood in terms of the phase accumulation model. 24 The QWSs are associated with electronic standing waves due to confinement between the film/substrate and film/vacuum interfaces. The quantization condition is
where n is a quantum number, k(E) is the bulk Pb band dispersion in the direction perpendicular to the overlayer, D is the overlayer thickness, and ϕ vac (ϕ Cu ) is the phase shift due to the scattering at vacuum (substrate) interface. For E n approaching the vacuum level E V , the ϕ vac is given by
Since ϕ vac diverges for E n → E V , it follows from Eq. (15) that an infinite series of states is formed. The ϕ vac phase variation with energy is much faster than that for the phase accumulated inside the layer. Then, each new state within a narrow energy range close to the vacuum level corresponds to an additional zero in the wave function appearing in the vacuum side. It is exactly what one has for the ISs described by Eq. (15) with D = 0 and forming the Rydberg-like series with E n = 1/32(n + a) 2 . Here, a is the quantum defect, and quantum number n reflects the nodal structure of the IS wave function in the vacuum region. 24, 57, 58 The mixed QWS-IS character of the states close to the vacuum level is reflected in their electronic densities. Appreciable part of the electron density is moved from inside the Pb film into the vacuum, as seen in Fig. 5 where we show the wave functions ψ n of the states obtained from WPP. From the nodal structure in vacuum, one can infer the principal quantum number n of the IS providing the leading contribution to ψ n (indicated in parenthesis in the figure) .
When the bias (electric field) is applied to the junction, the low-energy QWSs localized mainly inside the Pb layer experience only minor energy shift in agreement with experimental results. 84, 85 At variance, the states with mixed IS character close to the vacuum level are very sensitive to the applied electric field because of the high probability of the electron presence above the surface of the film. These states experience appreciable energy shift (Stark shift), so that the Rydberg-like series converging toward the vacuum level is destroyed already for fields as low as 0.05 eV/a 0 . Note that the field E = 0.05 eV/a 0 corresponds to a tip-surface distance as large as 4 nm for a bias of 4 eV. The actual electric fields obtained with the WPP for the conditions of constant current STS experiments (see below) of Yang et al. 21 are also shown in Fig. 4 . The field dependence of the Stark shift of the states with mixed QWS-IS character calculated here is very close to the ab initio results 64 as well as the experimental data supported with model calculations 59 for the ISs. Thus the electric field in the junction overrides the image potential. For the pristine metal surfaces, the ISs evolve into the field emission resonances (FERs) with energy quantization given by [59] [60] [61] [62] [63] [64] [65] [66] 
[3π E(n − 1/4)] 2/3 (n = 1,2, . . .). Similarly, for the Pb overlayer, the states with mixed QWS-IS character evolve into the states with mixed QWS-FER character, as reflected in their wave functions. The WPP results for the wave functions of the QWS in biased STM junction are shown in Fig. 5 for the electric field E = 0.05 eV/a 0 . Compared to the bare Pb/Cu(111) case, the electronic densities of the high-energy states are pushed by the constant electric field toward the surface. However, partial electron spread from the Pb film into vacuum is preserved. The same features have been reported for the Stark-shifted ISs. 86 The Stark shift of the ISs [which is as strong as 0.3 eV for n = 1 IS at clean Cu(111) surface 65 ] shows that for the STM junction under the bias, the phase accumulation model with vacuum scattering phase described with Eq. (16) can not provide an adequate description of the system. The scattering phase shift ϕ vac at the Pb vacuum interface is rather that of the triangular potential barrier, 61, 62, 87 
as can be obtained from quasiclassical theory or from the asymptotic properties of the Airy functions. 88 We would like to emphasize here that the present WPP calculations are performed with the complete potential given by Eq. (11), and so are free from any approximative description of ϕ vac .
To summarize, the STS experiment does not appear to be noninvasive, as far as the QWSs close to the vacuum level are concerned. Because of the electric field in the STM junction, the energy of these states is raised by the Stark shift. As a result, the QWSs with mixed IS character transform into QWSs with mixed FER character. Both, the energy upshift and change in the wave function would increase the rate of the inelastic decay of the states, 86 and so the linewidth of the structures in dZ/dV and dI/dV spectra. Note that above 4.1 eV with respect to the Fermi level (above Cu L gap), the QWSs are in resonance with propagating electronic states of the Cu(111) substrate. The resonant electron transfer into the substrate constitutes then an additional channel of the QWSs population decay.
B. STS spectra
We now turn to the calculated STS spectra and their comparison with experimental data. The constant current dZ/dV curves were calculated for overlayer thicknesses ranging from 4 to 18 ML. The current density was kept constant for all calculations, and it was set to I = 5 × 10 −2 nA/Å 2 , such that the experimentally measured energy (3.52 eV) of the n = 27 peak is well reproduced for the 15-ML Pb film case. This implies the tip-surface distance of Z = 22a 0 at the bias V = 3.52 eV. If the effective radius of the tip R eff = 20Å is assumed, the corresponding current through the STM junction is I = πR 2 eff I ≈ 63 nA. The above choice of parameters appears quite reasonable when comparing with existing approaches. 62, 66 The dZ/dV curves obtained for the Pb coverages of 10 ML and 17 ML are displayed in Fig. 6 the bare Pb/Cu(111) without tip are also shown in the figure with vertical dashed lines. We use the labeling n of the spectral peaks according to the principal quantum number of the underlying QWSs obtained from the calculated nodal structure of their wave functions. Note that in Ref. 21 the labels n exp differ from the present definition of n as n exp = n − 1. However, n exp were not directly obtained but were deduced from the modeling of the data with the phase accumulation model. Furthermore, we refer to the thickness of the Pb film with respect to the Cu(111) surface, while in Ref. 21 the thickness is referred with respect to the Pb wetting layer. Thus, e.g., the present 17-ML case has to be compared to the 16-ML result as reported in the experimental work.
With the above remarks, the calculated STS spectra are in good agreement with experimental data for the energies below 4 eV with respect to the Fermi level of the surface. The flat-tip approximation used here allows to reproduce experimental energy positions of the resonant features as well as their widths, including the overall peak broadening with increasing energy. At high energy (bias) above 4.12 eV, i.e., above the L gap of Cu(111), the calculated peaks broaden and loose their intensity. This is linked with opening of the QWSs decay channel via resonant one-electron tunneling into the Cu(111) substrate. At the same time, the regular energy progression of the calculated peaks is maintained, in contrast to experimental data. The difference between the theoretical and experimental data in the 4-5 eV energy range is directly linked to the Pb band structure, as will be discussed in detail in Sec. D.
The good agreement between theory and experiment for V < 4 eV allows us to discuss some issues linked with the tunneling spectroscopy studies of the QWSs. First, the difference between the energies of the resonant structures in the calculated dZ/dV spectra E STS n and the energies of the QWSs of the bare Pb/Cu(111) system E n sets the energy shift STS inherent to the experimental procedure as:
STS n is shown in Fig. 7(a) for the case of the 17-ML Pb film. In full agreement with the discussion presented in the previous section (see Fig. 4 ), the measured peak positions reflect the energies of the QWSs of bare Pb/Cu(111) only for the bias below ≈2 eV, where STS n is small. At higher bias the Stark shift modifies the energies of the QWSs. This effect becomes particularly important for the QWSs with mixed ISs character close to the vacuum level of the Pb overlayer. Thus the spectroscopic feature at the vacuum level (4 eV) is associated with the Stark shift of the underlying QWS by 0.4 eV, which is of the same order of magnitude as reported for the first IS, at Cu(111). 65 Second, the peaks in the STS spectra show an additional broadening of 0.2 eV, as compared to the decay rates of the underlying QWSs resonances. A similar result has been reported in the studies of the FERs. 66 The broadening of the spectroscopic features is illustrated in Fig. 8 . The calculated energy-dependent transmission
, and dZ/dV spectrum are presented for the 17-ML Pb coverage case. We recall that Z(V ) is defined by the constant current condition. The figure spans the energy range of the n = 29 QWS peak (as appears in Fig. 6 ). The STS n is defined with respect to the energies of the QWSs in the bare 17ML-Pb/Cu(111) system. (b) Calculated decay rates γ n of the QWSs for the same system, as a function of their energy E n with respect to Fermi level. γ n is obtained for the fixed bias V and position of the tip Z(V ), where E n = V . We also plot the many-body decay rate γ e−ph + γ e−e for the excited states inside the overlayer. The dashed-dotted line represents the linear fit to the QWS linewidths as deduced from experimental data in Ref. 22. T [E,V ,Z(V )] has a well-defined Lorentzian profile centered at resonance energy and width γ n corresponding to the inverse lifetime of the n = 29 QWS resonance. There is only a minor energy shift and nearly no width change for the bias variations within the resonance. The bias is varied by steps of 0.05 eV, and the precise V value corresponding to each curve is set by the open dot located at E = V . Similar to the transmission, the dynamic transmission given by the thick line connecting E = V points also shows quite a symmetric profile with no additional broadening. At variance, the calculated peak in dZ/dV is asymmetric with a width γ n ≈ γ n + 0.2 eV, and a maximum position shifted by ∼30 meV. This small energy shift appears nearly independent on the QWS under study. It is at the origin of the nonzero onset of STS n for low bias, as seen in Fig. 7 .
Because of the asymmetric structure of the measured and calculated STS peaks as well as because of the peak broadening inherent to the STS at high bias, the extraction of the corresponding decay rates is not a trivial task. We have not attempted any transformation of the experimental data of Yang et al. 21 The WPP allows a direct extraction of the decay rates γ n from the calculations performed for the fixed 115422-8 bias V = E n and fixed position of the tip Z(V ). Thus, the Hamiltonian is fixed so that the quasistationary states of the system can be rigorously defined. Here E n is the energy of the quasistationary QWS under study. We note that, a priori, γ n comprises several contributions: γ n = γ mb + γ 1e + γ tip . γ mb stands for the inelastic many-body decay, γ 1e is the rate of the elastic one-electron tunneling into the Cu(111) substrate for the energies above the L gap of Cu(111) at¯ (i.e., above 4.12 eV), and finally, γ tip is the rate of the elastic one-electron tunneling into the STM tip. Since in the present conditions the tip-surface distances are such that the transmission is in the 10 −4 range, the contribution of the latter decay channel can be safely neglected.
In Fig. 7 , we show the WPP results for the case of the 17-ML Pb film together with the decay rates extracted in Ref. 22 from the experimental study of Pb/Ag(111). The difference in the substrate affects the γ 1e . However, for the QWSs inside the projected band gap γ 1e = 0, and γ mb is determined mainly by the inelastic hot-electron decay in the Pb overlayer as we have checked with WPP calculations by varying the absorbing potential inside the Cu(111) substrate. Thus the comparison with experimental data of Ref. 22 is meaningful. The present theoretical results can be well understood on the basis of the wave-function penetration arguments often involved in the discussion of the lifetimes of the ISs at surfaces. 24, 69 At low energies, the wave functions of the QWSs are confined within the Pb overlayer (see Fig. 5 ). The γ mb decay rate is then given by the sum of the electron-electron and electronphonon contributions γ mb = γ e−ph + γ e−e to the excited-state population decay in the Pb film. It is directly included in the many-body absorbing potential (see Sec. II C), and represented by the dashed line in Fig. 7 . For the energy range between 3 and 4 eV, the QWSs mix with FERs. Part of the electron density is moved into the vacuum, reducing the probability of interaction with possible excitations. As a result, the many-body decay rate of the corresponding states becomes smaller than that inside the Pb film. For the energies above 4.12 eV, the one-electron decay channel into the Cu(111) bulk opens. The γ 1e decay rate rapidly increases when energy rises above the band-gap threshold. The QWSs acquire an additional broadening, and the total width of the resonances is brought into the 0.3-0.4 eV range. Figure 9 summarizes our results on the STS of the Pb/Cu(111) system. The energies of the calculated QWS peaks in the dZ/dV spectra are presented as a function of overlayer thickness for Pb coverages ranging from 4 to 18 ML. Theoretical data are compared with STS experiments. 21 As a reference, we also show the calculated energies of the QWSs in the bare Pb/Cu(111) system (no tip-induced perturbation) as well as the QWSs energies obtained from the two-photon photoemission (2PPE) experiments. 23 Our calculations are in agreement with available experimental data for the energies below ∼4 eV. The correspondence between the calculated and measured STS peak positions is particularly remarkable for coverages above 11 ML. When comparing the STS data with the QWSs energies of the bare Pb/Cu(111) system, the importance of the Stark shift due to the applied bias, as discussed in the previous subsection, is evident for the high energy states. We stress here that this effect has not received enough attention in the previous analysis of the experimental STS data on Pb overlayers. 21, 22 At low coverages the calculated spectroscopic peak positions are systematically below the experimental data. This can not be the deficiency of the present modeling of the STM junction since all the QWSs, including those close to the Fermi level, are concerned. Indeed, the low-energy QWSs are well-localized inside the overlayer and thus are not sensitive to the potential above the Pb surface. We tentatively attribute the difference between calculated and measured data to the present DFT-LDA modeling of the bare Pb/Cu(111) system. It results in the underestimation of the energies of the QWSs at low coverages as has been discussed in an earlier publication. 48 The effects such as the specificity of the wetting layer as compared to the next layers and oscillations both in work function and Pb interlayer spacings with overlayer thickness will determine the precise value of the QWS energies. In fact, the good agreement between theoretical and experimental data above 11 ML coincides with coverages having converged work function, i.e., that of Pb(111) within 0.05 eV (see also Ref. 35 and Ref. 79) .
C. STS results for different Pb coverages
D. Effect of the realistic band dispersion of Pb(111) along -L
As follows from the results reported in Fig. 9 (see also Fig. 6 ), above 4 eV, the theoretically calculated peaks in the STS spectra, and thus, the underlying QWSs, continue regular progression towards higher energies E n with increasing principal quantum number. In contrast, the experimental data show the energy separation E n+1 − E n decreasing with n within this energy range. Finally, measured QWSs peaks level off at 4.6 eV energy. In some way, the energy dispersion of the experimental STS peaks resembles that of the ISs that level off at vacuum level. This interpretation was used by the authors of Ref. 21 . Similarly, authors of Ref. 22 analyzed their data within the phase accumulation model with the scattering phase at the Pb/vacuum interface given by Eq. (16) . Thus, it has been assumed that an electron moving in the vacuum region of the STM junction is subject to the image potential only. However, according to our results this explanation does not hold. First, it places the vacuum level at 4.6 eV which is inconsistent with experimental data and ab initio calculations that report a Pb work function of 4.25 eV at most. 35, 42, 46, [77] [78] [79] The work function oscillations with film thickness can not explain this difference. These are of the order of ±0.1 eV for thin films and become much smaller with increasing coverage. 35, 79 Second, and most important, it follows from the present results that the electric field in the STM junction destroys the ISs-like series causing the Stark energy shift of the QWSs. This effect is well documented in the literature on the example of the ISs transformation into FERs. [59] [60] [61] [62] [63] [64] [65] [66] The vacuum potential barrier becomes essentially triangular as known for FERs, with the corresponding scattering phase shift given by Eq. (17) .
The question naturally arises: why the theoretical model does a good job in describing the experimental data up to ≈4 eV with respect to the Fermi level and fails for the higher energies? This can not be the deficiency of the modeling of the STM junction. Indeed, reproducing the peaks in the STS spectra up to ≈4 eV implies reproducing the Stark shift and so the potential in the junction. At this point it is useful to recall Eq. (15) that defines the energies of the quantized states in the framework of the phase accumulation model. It is reproduced here for convenience:
Provided the nearly free-electron Cu(111) band structure in this energy range, the 4.6 eV "anomaly" is not linked with ϕ Cu (E n ). It can be then explained by the energy dependence of the vacuum phase shift ϕ vac . 21 Alternatively, it can be associated with Pb(111) band structure k(E n ) along the direction perpendicular to the film. 67 Since the former explanation was ruled out, it is reasonable to expect that the disagreement between calculated and experimental data is directly related to the present free-electron description of the overlayer. In the limit of the bulk Pb, the DFT-derived potential for the Pb film results in the
energy dispersion of the states with k along -L direction. E 0 ≈ 13.55 eV is the Pb band bottom. When compared to the ab initio band structure of Pb(111) 41, 44, 46 (see Fig. 1 ), this free-electron model breaks exactly within the 4-5 eV energy range where different Pb bands experience avoided crossing. The ab initio result shows dE/dk → 0 for k → , which would explain the observed experimental trend and the difference with the calculated data.
The direct evidence of the Pb(111) band structure effect is obtained with the following data analysis based on the phase accumulation model. 22 Assume that for the two overlayers with thickness D 1 and D 2 one can find the respective spectroscopic peaks E n 1 and E n 2 such that E n 1 = E n 2 = E. Then, subtracting Eq. (15) for the D 1 ,n 1 -case from that for the D 2 , n 2 -case allows, within the first approximation, to remove the contribution of the scattering phase shifts due to the interfaces. The parent bulk band dispersion along -L can be then obtained as
However, when performing constant current spectroscopy for the overlayers with different thickness D 2 >D 1 , the tip-surface distance Z is not the same when probing the states at the same energy. This is because the number of the electronic states to tunnel to is higher for the thicker overlayer, which has to be compensated with increasing Z. For the same bias, the electric field in a junction is then smaller for D 2 , and the cancelation of the vacuum phase shifts is an approximation. To access the validity of this approximation, we have first transformed the calculated data according to Eq. (20) . The STS peaks were assumed to have the same energy if they fall within a 40-meV energy window: |E n 1 − E n 2 | < 40 meV. The extracted band dispersion is shown in Fig. 10(a) . It appears very close to the free-electron parabola given by Eq. (19) , so that the k(E) extraction procedure holds.
Having checked the validity of the method outlined above, we applied it to the experimental data of Ref. 21 . The ensuing Pb(111) band dispersion along -L is presented in Fig. 10(b) together with the ab initio DFT-LDA relativistic calculations of the Pb band structure. We also plot the k(E) derived by the same method for Pb/Ag(111) as published in Ref. 22 . In sheer contrast with the free-electron parabola, the ab initio band dispersion saturates at point for E − E f = 5.4 eV and for k = 1.161a −1 0 (reciprocal lattice vector). The dispersion relation extracted from STS experiments agrees with ab initio results and photoemission data. 46 This fully validates our interpretation of the experimentally observed trends in the QWSs series at high bias as a direct consequence of the realistic band structure of Pb(111). Obviously, it can not be reproduced with the present approach based on the free-electron modeling of Pb overlayer, which explains disagreement between calculated and measured STS peak positions at bias above 4 eV.
Recently, a larger set of the STS spectra for Pb/Cu(111) has been shown with bias range extending up to 9.0 eV. 89 The FERs with energies independent of the Pb film thickness were reported for the bias above 5 eV. According to the model results of present work, the free-electron-like description of Pb would not explain the experimental data since we obtain thicknessdependent peak energies at high bias. While the detailed discussion is beyond the scope of this paper, the nontrivial Pb band structure above 4.5 eV, as shown in Fig. 1 , should be at the origin of the observed effects. Several possible explanations, all based on the Pb band structure effect, can be advanced: (i) increased surface reflectivity in the corresponding energy range, (ii) flat dispersion of the underlying Pb bands, (iii) high electron transmission through the Pb/Cu(111) interface above the projected band gap of Cu(111), so that the electron does not return to the Pb/vacuum interface and all confinement is at the vacuum side.
IV. SUMMARY AND CONCLUSIONS
We have performed a theoretical study of the constant current scanning-tunneling spectroscopy of thin Pb films on a Cu(111) substrate. The dZ/dV spectra have been calculated for the 4-18 ML film thickness range.
The tip-sample system is represented within the flat-tip approximation, so that well-developed approaches for modeling the STM junction 62 could be applied. The 1D Pb/Cu(111) potential has been derived from self-consistent 1D DFT-LDA calculations, allowing an adequate description of both electronic structure and dynamical properties of Pb overlayers on Cu(111). 37, 48, 50 We explicitly account for the projected band gap (L gap) of the Cu(111) substrate at¯ . The Pb overlayer is described within the free-electron (jellium) model. Provided the tip-Pb/Cu(111) potential, the electron transmission through the junction is obtained at¯ using the WPP method. The manybody inelastic effects (electron-electron and electron-phonon energy relaxations) are accounted for with a bias-dependent absorbing potential in the sample.
Within the studied range of overlayer thicknesses, the energies of the calculated peaks in the STS spectra reproduce the experimental data for bias below 4 eV. Particularly remarkable agreement with respect to the energies, widths, and relative intensities of the STS peaks is obtained for thicknesses above 11 ML, i.e., in the range where the quantum size effects on the Pb film work function and the effect of the wetting layer can be considered as negligible.
Simultaneous calculations of the (i) dZ/dV spectra, (ii) quasistationary QWSs in the tip-sample system at fixed tipsample distance and bias, and (iii) QWSs of bare Pb/Cu(111) without the tip have been performed. This allows detailed discussion of the physics underlying experimental observations. It appears that only low-energy QWSs are unperturbed by the tip. At high bias, the tip-induced Stark shift determines the energies of the QWSs and so the peaks in the STS spectra. Here, the effect of the electric field in the junction is similar to that often evoked in discussion of the transformation of ISs into FERs. 63, 64 Indeed, the electronic density of the high-energy QWSs in bare Pb/Cu(111) system is shifted from the inside Pb film into the vacuum, indicating partial IS character. 83 Good agreement between the calculated and measured data in the energy range corresponding to the free-electron-like dispersion of the Pb band along -L direction validates the present theoretical approach. The departure of the experimentally measured energies of the STS peaks from the theoretical results above 4 eV bias is then sound. It reflects the departure of the bulk Pb band structure along -L from free-electron parabola.
Comparison between the ab initio band structure of Pb, the two-photon photoemission data, and k(E) dispersion curves extracted from experimental data of Refs. 21 and 22 fully confirms the above interpretation. Thus, the STS performed at different coverages can be used as a complementary tool to inverse photoemission to probe the dispersion of the bulk bands of the overlayer material at energies well above the Fermi level.
We believe that the present theoretical study contributes to the understanding of STM experiments performed on QWSs in Pb overlayers supported on metallic surfaces like Cu(111) and Ag(111). It also sheds light on some fundamental issues present in STS studies of metallic films supported on different substrates.
